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Abstract 
The southern part of the Utsira formation has been identified as a possible candidate that may require only small 
amounts of extra data collection to be qualified for permanent CO2 storage. Suitable injection targets are located 
approximately 190 km from the Kårstø gas power plant. A reservoir model was built on the basis of 2D and 3D 
seismic surveys in the region, well-logs and reservoir information obtained from the Sleipner injection project. 
Simulation of injection of up to 125 million tonne CO2 over a period of 25 years respectively 62.5 years illustrates 
that this part of Utsira provides a particularly robust CO2 storage site. For suitable injection points, CO2 will migrate 
at most 33 km from the injection point during a 5000 years period and there are no indications that it will migrate to 
any places were it may reach the shallow parts of the formation in the west. Changing the location of the injection 
point shows that the resulting distribution pattern is sensitive to the local topography. After 5000 years 74 % of the 
CO2 is dissolved into water and the remaining fraction is immobilised.  
© 2008 Elsevier Ltd. All rights reserved 
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1. Introduction 
A large combined cycle gas power plant at Kårstø has recently started production. To meet Norway’s 
commitment to the Kyoto agreement on reduction of climate gas emissions, it has been suggested to separate and 
store CO2 from large point sources. In the existing plans CO2 should be separated and stored within four years from 
now. The southern part of the Utsira formation could be a suitable location to store this CO2. The CO2 stream from 
Kårstø could also be combined with other CO2 sources, such as the more distant CO2 source at Mongstad. Although 
a potentially closer aquifer candidate exist for the CO2 from Mongstad (the Johansen formation [1]), the Utsira 
formation may be a second option for this CO2 source. 
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The Utsira formation is one of the large aquifers in the North-Sea (24 000 km2) and approximately 10 million 
tonne CO2 has already been injected during the Sleipner injection project since 1996. The behaviour of the injected 
CO2 has been extensively monitored and this has revealed geological information about the internal structure and 
transport properties of the formation. The main capillary seal, the Nordland formation, has so far provided a safe 
storage. The part of Utsira considered for CO2 deposition in the present study is located at the south-eastern edge of 
the Utsira formation, see the outline and detail of the model area in Figure 1. The targeted area is located south-west 
of the Sleipner CO2-injection site and the distance from the Sleipner platform to well 16/10-3 (centre of our model) 
is approximately 30 kilometres. In this paper the region of Utsira south-east of the Sleipner field is denoted Utsira 
South. 
Reservoir brine can dissolve approximately 50 kg CO2 per Sm3 brine. The dissolution process is mostly diffusion 
controlled and therefore very slow on the short term. On the long term (>500 years), however, this effect may be 
important because gravity induced convection may enhance the dissolution process. Provided that CO2 is retained 
underground, the final fate of CO2 is to be dissolved in brine and further reaction with rock minerals will then be 
possible on a very long term. The dissolution on short term will be exaggerated in a coarse numerical grid due to 
numerical dispersion. Fine scale simulations on part of the investigated area will indicate the dependence of 
dissolution rate and extent of injected CO2 on the grid block size during the injection period. Long term simulations 
(5000 years) investigate the migration of CO2 along the top of the formation to map the maximum distribution of 
injected CO2. It is assumed that there will be no leakage through the overlying Nordland Shale formation. 
  
 
Figure 1 Depth map of the Utsira formation (right) with Kårstø and Mongstad indicated on the map of the Norwegian coast. Close-up of the 
selected injection area, Utsira South, to the left with the area for detailed modelling indicated by the black rectangle. 
2. Simulation models 
Based on 2D and 3D seismic surveys in the region several simulation grids were constructed using Petrel (from 
Schlumberger). The model area is 33.6 km x 46 km and one simulation grid was constructed covering the whole 
Utsira South sector to be used for long term simulations. In addition, several grids with different horizontal 
resolutions were constructed on a part of the model for simulations in a short term perspective. An outline of the 
short term simulation grid (detailed model) is shown as a closed boundary in Figure 1 (left). The location of the 
detailed model was chosen so that injection of CO2 was performed as deep as possible, in a formation thick enough 
to give vertical migration during injection and so that the injected CO2 would be contained in the long term 
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simulation model. The permeability and porosity in the models were assumed to be constant with permeability set to 
1000 mD and porosity set to 0.35. Since the simulation models are confined and smaller than the connecting Utsira 
formation the pore volume was modified in grid blocks at the boundary of the models. This was performed to get a 
more representative volume of the connecting aquifer and to avoid incorrect pressure increase in the models due to 
the CO2 injection. 
The horizontal resolution in the long term simulation model was set to 200 m by 200 m and to allow more 
realistic modelling of diffusion induced convection the model has 20 layers. The upper five layers were made 
progressively thinner to minimise numerical dispersion in the top of the model where most of the CO2 accumulates 
in this gravity dominated flow regime. 
The detailed model measures 11.1 km x 12.25 km and the horizontal resolution of the grid blocks varied from the 
finest to the coarsest with grid block sizes: 25 m by 25 m, 50 m by 50 m, 100 m by 100 m, 200 m by 200 m and 500 
m by 500 m. This gave number of active grid blocks for the models (finest to coarsest): 2113, 528, 132, 32 and 5 
thousand grid blocks. The number of layers in the models was 10 and the height of the grid blocks decreases 
progressively as we move closer to the top, the height of a grid block was set to approximately 1.6 times the grid 
block above. Figure 2 illustrates the location of the detailed model within the full sector model. In this figure, the 
CO2 distribution at the end of the injection period in the model with 25 m resolution is shown. 
 
 
Figure 2 Illustration of location of the detailed study area, including gas saturation after 25 years of injection on the grid with 25m x 25m 
resolution. A transparent depth map of Utsira South is shown underlying the saturation map. 
The density of CO2 is based on an equation of state for CO2 developed by Span and Wagner [2] at temperature 
corresponding to the average temperature gradient between the gradient estimated by Nooner et al. [3] and a 
previous estimate from Zweigel et al. [4]. These estimates are quite different reflecting two extreme positions in the 
debate on the geothermal gradient in the Utsira formation. 
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From water analysis of Utsira brine a salinity of 3.05 % was used for modelling the pVT data. The solubility of 
CO2 in brine is calculated from a correlation by Enick and Klara [5]. The viscosity does not vary very much with 
pressure, while the amount dissolved gas has some effect. Experimental determination of the relative permeability 
for CO2/brine has been performed on cores from well 15/9 23A (Akervoll et al. [6]). The residual gas saturation 
after imbibition of brine was measured to 0.25. 
3. Results 
For the simulation studies we have assumed a yearly injection of CO2 equal to 2 and 5 million tonne 
corresponding to approximately 2. 927 · 106 and 7. 318 · 106 Sm3/day. In the long-term simulations a period of 
several thousand years is simulated after the injection period to investigate how CO2 migrates in the formation.  
Several injection points were investigated. Fulfilling the aim of long-term safety can for the short term 
simulations translate to keeping the CO2 as close as possible to the injection point while still being well distributed. 
For the long term this translates to avoiding CO2 movement toward parts of the model boundary where further 
migration is unknown. Since the top structure of the model area have a general slope to the North-East, with the high 
point of the model along the boundary, some migration of CO2 towards this region is inevitable. Still, major 
differences in behaviour can be seen for different injection points. Injection close to ridges in the top-seal 
topography will lead to concentrated migration with high gas saturation, and thus to relatively fast migration of the 
gas away from the injection point. 
The dissolution of CO2 is governed by diffusion and consequently by how much brine is contacted by the CO2. In 
numerical modelling the amount of dissolved CO2 will be exaggerated due to numerical dispersion. When a new 
grid block is contacted by CO2 in the front of a migrating plume all the brine in the grid block has to be saturated 
with CO2 before any free CO2 will appear. This error will be larger for larger grid blocks. To estimate this error a 
series of simulations on the detailed model with a systematic variation of grid block sizes has been performed. The 
results show that the numerical error exaggerates the dissolution with more than 100 % on the short term (during the 
injection period) when using 500 m grid blocks compared to the limiting case with infinitely small grid blocks. On 
the long term the error gradually decreases. The results also show that the resolution does not have a pronounced 
effect of the distribution of CO2. The diameter of the plume is approximately 7 km for the finest grid and 
approximately 1 km larger for the coarsest grid. Only the lateral resolution of the grid was changed because the 
distribution of CO2 is mainly dominated by the gravity driven lateral migration under the cap rock both in the 
injection period and on long-term scale. The simulated amount of dissolved CO2 for each of the five cases is given 
in Table 1.  
Table 1  Dissolved amount of CO2 as function of grid block size obtained by numerical experiments after injecting 50 million tonne over a 25 
year period. 
Gird block 
side length, m 
Relative grid block 
size 
Fraction of 
CO2 dissolved 
25 1 0.049 
50 4 0.054 
100 16 0.060 
200 64 0.070 
500 400 0.103 
 
The dissolutions were fitted to a power function of the grid block size and the results are plotted in Figure 3. If 
this function is extrapolated to zero grid block size an upper bound for the dissolved amount of CO2 is estimated to 
4.6 %. This is an empirical approach and the theoretical justification to extrapolate the curve to zero has not yet been 
performed. This estimate is valid only for the injection period.  
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Figure 3 Fraction of CO2 dissolved as function of the relative grid block size. The dependence has been extrapolated to a grid block size equal 
to zero corresponding to an infinite number of grid blocks. 
For the long-term simulations we basically want to see how far the CO2 migrates. New up-scaled relative 
permeability end points were used in the final simulations. Three different injection scenarios were simulated; 2 
million tonne per year for 25 years, 2 million tonne per year for 62.5 years and 5 million tonne per year for 25 years. 
The injection point was chosen so that migrating CO2 were kept within the model area. Figure 4 shows distribution 
of CO2 in the model at 2000 years for the different injection scenarios. After 2000 years, the free gas did not move 
further laterally. Rather, the remaining free gas is located in local structural traps, and dissolution into the underlying 
aquifer brine is taking place. Tell-tale signs (checkerboard patterns) of gravity driven convection can be seen in the 
dissolved gas plots (Rs-plots). Due to the rather large grid-blocks and the upscaled vertical permeability the onset of 
diffusion induced convection is delayed to several hundred years, while earlier detailed studies have shown that a 
time-scale of a few years can be expected for aquifers with permeability in the 1000 mD-range. This delay will 
result in an over estimation of the migration distance of CO2 in the simulations.  
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Figure 4 Free CO  (first row) and dissolved CO2 2 (second row) after 2000 years of migration. First column: Injection rate of 2 million tonne per 
year for 25 years. Second column: Injection rate of 2 million tonne per year for 62.5 years. Third column: Injection rate of 5 million tonne per 
year for 25 years. 
As illustrated in Figure 4 the areal distribution of dissolved gas to large extent follows the distribution of gas 
saturation. However if the total amount of dissolved CO2 is plotted as function of time ( Figure 5) it can be seen that 
the fraction dissolved CO2 increases strongly during the  5000 year simulation period. To achieve this large amount 
of dissolved CO2, diffusion induced convection must play a major role since almost all CO2 has been immobilised 
after only 1000 to 2000 years. The dissolution rate is almost independent of injection scenario. 
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Figure 5 Dissolved CO  as % of total injected versus time for the three different injection scenarios. 2
Existing wells in the area that are contacted by CO2 can be considered possible leakage risk points. After 5000 
years, simulations indicate that at least three exploration wells have been in contact with CO2. Depending on the 
status and completion of these wells preventive actions may be necessary to ensure safe storage of the 
CO . 2
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4. Conclusions 
Simulation of injection of up to 125 million tonne CO2 over a period of 25 years illustrates that the targeted area 
of Utsira provides a particularly robust CO2 storage. During a 5000 years period the CO2 will migrate at most 33 km 
from the injection point and there are no indications that it will migrate to any places were it may reach the 
shallower parts in the west of the formation. After 5000 years 74 % of the CO2 is dissolved into water and the 
remaining fraction is immobilised. Changing the injection point shows that the resulting distribution pattern is 
sensitive to the local topography. To increase the confidence in the storage project it is suggested to obtain 3D 
seismic over larger areas than existing today.  
With the chosen locations of injection wells the CO2 will contact several existing wells in the area. Depending on 
the status and completion of these wells preventive actions may be necessary to ensure safe storage of the CO2.   
All conclusions are based on the assumption that the overlying Nordland formation constitutes a tight seal over 
the whole model area and that the Utsira formation ends towards a tight shale in the south and is thinning towards 
east and accordingly no spill points to more shallow formations exists.  
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